ABSTRACT. Myeloid cell leukemia sequence 1 (MCL1) is a potent antiapoptotic protein that plays a critical role in cell survival and drug resistance in various cancers. However, to the best of our knowledge, the role of MCL1 in mast cell tumors (MCTs) has not been investigated in dogs. Here, we detected increased MCL1 expression in MCT cell lines, regardless of the presence of a c-kit mutation. MCL1 expression increased when the cells were exposed to specific inhibitors of mitogen-activated protein kinase or Janus kinase-signaling pathways, thus protecting the cells from apoptosis, but not when KIT or phosphatidylinositol-3 kinase signaling cascades were inhibited. These results indicate that MCL1 expression may contribute to MCT survival and confer drug resistance. Myeloid cell leukemia sequence 1 (MCL1) is a member of the Bcl-2 protein family, which plays an antiapoptotic role in various kinds of cells [2, 20] . It was originally identified in a human leukemia cell line, ML-1, and is currently known as an essential factor responsible for the long lifespan of mature B and T cells [11, 17] . MCL1 is also critical in the malignancy and drug resistance of cancer cells [10, 15, 18, 19, 23] . Upregulation of MCL1 is reported to associate with tumor malignancy in breast cancer, ovarian cancer and non-Hodgkin lymphomas [10, 15, 18] . In addition, Wertz et al. [23] have shown that MCL1 downregulation increases the sensitivity of ovarian and breast adenocarcinomas, non-small-cell lung cancer, leukemia and lymphoma to chemotherapy.
Myeloid cell leukemia sequence 1 (MCL1) is a member of the Bcl-2 protein family, which plays an antiapoptotic role in various kinds of cells [2, 20] . It was originally identified in a human leukemia cell line, ML-1, and is currently known as an essential factor responsible for the long lifespan of mature B and T cells [11, 17] . MCL1 is also critical in the malignancy and drug resistance of cancer cells [10, 15, 18, 19, 23] . Upregulation of MCL1 is reported to associate with tumor malignancy in breast cancer, ovarian cancer and non-Hodgkin lymphomas [10, 15, 18] . In addition, Wertz et al. [23] have shown that MCL1 downregulation increases the sensitivity of ovarian and breast adenocarcinomas, non-small-cell lung cancer, leukemia and lymphoma to chemotherapy.
As MCL1 contributes to the maintenance of hematopoietic cells, involvement of MCL1 in the survival of malignant hematopoietic cells has been suggested [1, 24, 25] . Aichberger et al. [1] showed that MCL1 is essential for the survival of neoplastic human mast cells, suggesting that it may act as a novel therapeutic target. In dogs, mast cell malignances are known as mast cell tumors (MCTs), which are one of the most commonly encountered neoplasms in veterinary medicine [5] . However, little information is available about the role of MCL1 in canine MCTs. Therefore, we examined the expression and regulatory pathway of MCL1 in canine MCT cell lines.
We used 4 MCT cell lines that express different types of wild-type or mutant KIT proteins: HRMC cells expressing wild-type KIT [16] , BR cells possessing KIT with a point mutation in its juxtamembrane domain [7] , MPT-2 cells expressing KIT with an internal tandem duplication in its juxtamembrane domain [12] and MPT-1.2 cells possessing KIT with an N508I point mutation in its extracellular domain [4] . BR cells were maintained in Dulbecco's modified Eagle's medium (Life Technologies, Gaithersburg, MD, U.S.A.) supplemented with 10% FBS and antibiotics, while other cell lines were maintained in RPMI 1640 (Life Technologies) supplemented with 10% FBS (Hyclone, Logan, UT, U.S.A.) and antibiotics. To investigate whether these cell lines express MCL1, western blot analysis was performed. The protocol was performed as described previously [21] . Both first and second antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Because human-derived HMC-1 mast cells have been reported to express MCL1 [1] , they were used as a positive control. As shown in Fig. 1, MCL1 was detected in all the MCT lines that were examined, with expression levels that were as high as those of HMC-1 cells. We next examined the changes in levels of MCL1 expres- sion in all the MCT cell lines under treatment with several molecular inhibitors in order to determine the signaling pathway that mainly regulates MCL1 expression. In addition to the KIT inhibitor STI571 (also known as imatinib mesylate) [9] , we evaluated the effect of selective inhibitors that target either phosphoinositide 3-kinase (PI3K) (LY294002) [22] , mammalian target of rapamycin (rapamycin) [6] , Janus kinase (JAK) 2 (AG490) [13] or mitogen-activated protein kinase (MAPK) (PD98059) [3] . Cell proliferation was evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and a trypan blue dye exclusion test, according to previously described methods [21] . Cells were incubated with fixed concentrations of each reagent for 12 hr, and the MCL1 expression levels were determined by western blot analysis. The concentrations were determined according to the IC 50 values of each reagent as reported previously [4] . Although STI571, LY294002 and rapamycin suppressed cell proliferation, MCL1 expression in BR cells remained unchanged ( Fig. 2A-C) . In contrast, both PD98059 and AG490, which did not suppress the proliferation of the cells, dramatically enhanced MCL1 expression in BR cells ( Fig. 2A-C) . Similar results were seen in MPT-1.2 cells ( Fig.  2A-C 
), MPT-2 cells and HRMC cells (data not shown).
The PI3K pathway has been reported to play a critical role in the regulation of MCL1 expression in humans [13] . Interestingly, the expression levels of MCL1 in the MCT cells were not altered by the PI3K-signaling inhibitors, LY294002 and rapamycin. Therefore, it is likely that the regulatory pathway of MCL1 is different in humans and dogs. Additionally, MCL1 expression increased after suppression of both MAPK and JAK/STAT signaling pathways. The results suggest that MCL1 expression is upregulated by the inactivation of MAPK and/or JAK/STAT signaling pathways in order to rescue the cells from apoptosis. KIT-PI3K pathways directly promote cell proliferation in MCTs independently of anti-apoptotic signals through MCL1. Proliferation and survival of cells are reciprocally regulated [8] . KIT-PI3K pathways promote signals associating with cell proliferation as well as cell survival, which may be suppressed by KIT-MAPK or KIT-JAK/STAT pathways. Therefore, resistance to apoptosis may be evoked when MAPK or JAK/STAT signals are inhibited, resulting in MCL1 upregulation.
Focusing on the relationship between chemosensitivity and MCL1 expression, MCL1 expression was enhanced by the reagents that did not suppress the growth of each cell line, suggesting that MCL1 contributes to the circumvention of apoptosis against certain cytotoxic agents. In fact, Moulding et al. [14] have reported the importance of MCL1 in circumventing apoptosis in malignant hematopoietic cells through the downregulation of a proapoptotic protein Bak. This finding suggests that MCL1 inhibitors can overcome chemoresistance in MCTs in certain settings.
In conclusion, we detected increased expression of MCL1 in canine MCT cells, raising the possibility of their contribution to the cell survival and drug resistance. Further investigation of the functional role of MCL1 in MCTs may lead to a better understanding of the MCT biology and provide a novel therapeutic approach against canine MCTs.
